Urban environments pose novel challenges, as well as opportunities, for urban-dwelling wildlife. Although differences have been reported in several phenotypic traits (e.g. morphology, physiology and behaviour) between urban and rural populations, it is poorly understood whether this affects individual fitness. Telomere dynamics are posited as one possible mechanism underlying senescence and mortality. It was recently shown that telomere shortening is accelerated when growing up in an urban, compared with a rural, environment. However, the implications of accelerated telomere attrition for fitness are still unclear. Here, we examine the relationship between telomere length (TL) and survival in a bird common to urban and rural environments, and during both early and later life. The results reveal that TL is a strong predictor of post-fledging survival and recruitment in both habitats but, crucially, selective disappearance of individuals with short telomeres early in life is more pronounced in the urban environment, resulting in a longer average TL among the adult population. However, following recruitment, we found no difference in the relationship between TL and survival between the urban and rural environments. This indicates that the urban environment has negative effects in early life, while during later life the benefits could potentially outweigh the costs.
Introduction
Urbanization is recognized as a major force affecting the ecology and evolution of species, populations and communities across the globe [1] . Urban landscapes differ markedly from natural/semi-natural habitats with regard to abiotic factors, such as noise, light at night and air pollution levels, and biotic factors, for example, food resources, disease prevalence and predator communities [2, 3] . Despite this, some species are able to persist in urban environments and may even attain higher densities and/or fitness compared with rural-dwelling conspecifics. Together, these urban factors can exert selection pressure on life-history traits, which may subsequently have implications for adaptation and individual fitness [4] . Indeed, marked changes in behaviour, physiology and morphology have been widely demonstrated among species inhabiting urban environments, even among those that seemingly thrive in them [5] [6] [7] [8] [9] [10] [11] .
To understand the consequences of urbanization and subsequently species' persistence and resilience in urban environments, it is important to investigate the mechanisms underlaying variation in life-history traits. Telomeres are highly conserved tandem repeats of non-coding DNA (TTAGGG)n at the ends of eukaryotic chromosomes [12] , which play an important role in maintaining genome stability [13] . Telomeres shorten with each round of somatic cell division and, upon reaching a critical length, trigger the cell to enter into a state of replicative senescence [14] . Studies in a range of organisms have shown that telomeres shorten with chronological age across different somatic tissues (reviewed in [15] ). Furthermore, telomere attrition has been implicated in age-related declines in physiological function (i.e. senescence) and therefore likely fitness ( [16] , but see [17] ). By linking processes at the cellular and organismal levels, telomere dynamics could play a major role in the evolution of life histories. In addition to the general pattern between telomere attrition and chronological age across taxonomic groups, individual telomere attrition rate in wild populations has been shown to be accelerated by environmental factors (e.g. [18, 19] ) and mediated by physiological stressors, e.g. glucocorticoid levels [20] , infectious diseases [21] and oxidative stress [22] .
In a cross-fostering experiment, in our study populations, we recently demonstrated that great tit (Parus major) offspring reared in an urban environment had significantly shorter prefledging telomere length (hereafter TL), compared with those reared in a rural environment and independent of genetic origin [23] . It has also been shown, experimentally, that anthropogenic noise exposure results in shorter early-life TL in house sparrows (Passer domesticus) [24] . Both results provide evidence that the urban environment per se, as well as single urban-related stressors, can influence TL and its dynamics. TL has also been suggested to be a reliable predictor of longevity and survival, under both laboratory [25] and natural conditions [26] [27] [28] [29] . Furthermore, TL in early life has been shown to be a better predictor of longevity than that in adulthood [25] , suggesting a mechanistic link between developmental conditions and later-life performance [16] . Differences in survival between urban and rural populations and along urbanization gradients have been documented in adult birds [30, 31] , but not in nestling or fledging survival ( [32, 33] , but see [34] ). However, the effect of early-life conditions may not be revealed until later in life and could be mediated by early-life telomere dynamics. Implementing studies of telomere dynamics in an urban context could develop our understanding of how anthropogenic stressors could shape patterns of ageing and survival. Nonetheless, studies investigating the association between TL and urbanization remain limited [23] .
The present study examines the relationship between TL dynamics and survival in an urban and a rural environment during both early and later life. Our study system is a small short-lived passerine bird, the great tit, widely used in studies of urban avian ecology (e.g. [35] [36] [37] ). Firstly, we examined if TL predicts survival during both early and late life and whether the relationship differs between urban and rural habitats; we predicted a stronger effect in the urban environment owing to the higher levels of anthropogenic stressors causing elevated physiological stress via oxidative stress and/or stress hormones. Secondly, in a longitudinal analysis, we tested the effects of habitat on telomere shortening during the first year of life and whether attrition is accelerated in an urban, compared with a rural, habitat. Thirdly, we examined the relationship between TL and chronological age in adult birds and whether this relationship differs between urban and rural environments, using both cross-sectional and longitudinal data.
Material and methods (a) Study area and blood sampling
The urban study site was located in the city of Malmö (55836 0 N; 13802 0 E), Sweden's third largest city with approximately 300 000 inhabitants. The rural study site was in a forest in Vombs fure (55840 0 N, 13831 0 E, less than five inhabitants km
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), located 37 km northeast of Malmö. In Malmö, nest-boxes were distributed across four 10-45 ha urban parks characterized by a mixture of coniferous and deciduous trees, managed grasslands, ponds and associated urban infrastructure including paved footpaths and buildings. In Vombs fure, nest-boxes were located in a mosaic of deciduous and coniferous forest patches (219 ha), dominated by Scots pine (Pinus sylvestris), oak (Quercus robur) and birch (Betula pendula). The urban and rural habitats differ in urbanization score (according to [38] ): Malmö (average score for the four urban parks): B (building cover) ¼ 1.5, V (vegetation cover) ¼ 1 and R (paved surface cover) ¼ 1 and Vombs fure: B ¼ 0.66, V ¼ 2 and R ¼ 0 (for further details, see [23, 39] ).
Great tit breeding activity was monitored in all occupied nest-boxes in 2013, 2014 and 2015. Nestlings were measured, ringed with a uniquely numbered aluminium ring and blood sampled when 15 days old (15 d). Nestling sex was determined from DNA extracted from red blood cells (RBCs) following the method adapted from [40] using P2 and P8 primers. Parents were caught in nest-boxes when nestlings were 8 -9 days, ringed with a uniquely numbered aluminium ring, measured and blood sampled. Adults were aged as either second calendar year or third calendar year or older and sexed according to plumage characteristics [41] .
All blood samples were collected from the jugular vein and immediately transferred to ice. Within 1 h, they were centrifuged for 10 min at 1800 r.p.m. to separate plasma and RBC and stored at 2808C until analysis. This study comprises data from animals caught and sampled between 2013 and 2015 (n tot ¼ 544 samples; n urban ¼ 217, n rural ¼ 327). Of 466 individuals (n urban ¼ 180, n rural ¼ 286), 405 were captured and sampled in only a single season, whereas 61 individuals were recaptured and sampled in two or more breeding seasons (see statistical analysis for more detailed sample sizes).
(b) Telomere length measurement
Relative TL (RTL) was measured in RBC by the quantitative realtime amplification method (qPCR) [42] , following a procedure previously validated for birds [43] . DNA was extracted from approximately 5 ml samples of RBC in 195 ml of phosphate-buffered saline using Macherey-Nagel NucleoSpin Blood Kits (Bethlehem, PA, USA) and following the manufacturer's instructions. The quantity and purity of the extracted genomic DNA was measured using a Nanodrop 2000 Spectrophotometer (Thermo Scientific), and DNA integrity was checked in a subset of samples using agarose 2% gel electrophoresis. RTL was measured as the ratio (T/S) of telomere repeat copy number (T) to control gene copy number (S), relative to a reference sample using a Mx3005P (Stratagene). This method provides a relative measure of the TL suitable for withinspecies comparisons [44] . The control, single-copy gene used was glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Previous studies have confirmed the suitability of this gene as an invariant control gene [45] . The following primers were used to amplify the telomere and GAPDH sequences: telomere forward tel1b (5 0 -CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3 0 ) and reverse tel2b (5 0 -GGCTTGCCTTACCCTTACCCTTACCCTT ACCCTTACCCT-3 0 ); Great tit-specific GAPDH forward (5 0 -TG TGATTTCAATGGTGACAGC-3) and reverse (5 0 -AGCTTGACA AAATGGTCGTTC-3 0 ). The qPCR for both telomere and GAPDH reactions was performed using 5 ng of DNA with sets of primers Tel1b/Tel2b at a concentration of 200/200 nM and GAPDH-F/GAPDH-R at 100/100 nM, in a final volume of 25 ml and containing 12.4 ml of Supermix (Platinum SYBR Green qPCR SuperMix-UDG, Invitrogen). Reactions were performed in triplicate and samples were randomly distributed among plates, based on habitat, age and sex. Repeated samples of the same individual were run on the same plate. The conditions for the qPCR were: telomeres: 10 min at 958C, followed by 27 cycles of 15 s at 958C, 30 s at 588C and 30 s at 728C; GAPDH: 10 min at 958C, 15 min at 958C, 30 s at 608C and 30 s at 728C. On each plate, a serial dilution (from 20 to 1.25 ng) of a reference DNA sample (an individual not included in the study) was included as a standard curve. Efficiencies of the reference curve were within the acceptable range for both telomeres (mean + s.d.: 104.42 + 3.71) and GAPDH (mean + s.d.: 101.27 + 2.64) [46] . To account for variation in amplification efficiencies between telomere and GAPDH, we used the Pfaffl method to calculate T/S ratios [47] . Two DNA samples (golden samples) were run in triplicate on each plate to calculate interplate variation (30 plates in total). Mean inter-and intra-plate variation of C t values was 1.96 and 0.71% for the telomere reactions and 1.63 and 0.25% for the GAPDH reactions. Mean inter-and intra-plate coefficients of variation for the relative T/S ratios were 6.93 and 6.47%, respectively.
(c) Statistical analysis
All analyses were conducted in R v. 3.2.3 [48] using the package lme4 [49] . To examine the association between RTL, apparent survival (defined below) and habitat, we divided the data into: (i) first-year survival, i.e. post-fledging survival and subsequent recruitment into the local breeding population in the second year (n ¼ 327; present ¼ 21, absent ¼ 306); and (ii) postrecruitment survival, i.e. survival beyond the first year and present in the breeding population in one or more subsequent seasons (n ¼ 118; present ¼ 46, absent ¼ 72), similar to [50] . To examine first-year survival, we fitted generalized linear mixed models (GLMMs) with a binomial error distribution to survival data (0 ¼ absent and 1 ¼ present) from nestlings reared in 2013; the initial model included RTL at 15 d, habitat, body mass at 15 d and the interaction between RTL and habitat, and RTL and body mass as fixed effects. Nest-box and qPCR plate were included as random effects. To examine postrecruitment survival, we fitted a similar model to survival data, using age class (second calendar year or third calendar year or older), RTL at the previous capture and sampling, habitat, sex and the interactions between RTL and habitat as fixed effects and qPCR plate as a random effect.
To understand the effects of habitat on RTL change in the first year of life (from 15 d to the first breeding season; urban: n ¼ 13, rural: n ¼ 16), we calculated the 'D' variable as a measure of TL change, accounting for potential 'regression to the mean' [51] . We switched X1 and X2 variables in order to obtain negative values for a decrease in RTL and positive values for an increase. We fitted a linear mixed model (LMM) to the dependent variable, D, and included habitat and year (2013 or 2014) and their interaction as fixed factors in the initial model. Nestling body mass (15 d) was included as a covariate as well as its interaction with habitat. Nest-box of origin and qPCR plate were included as random effects.
We examined the relationship between RTL and age and whether this differed between habitats using a LMM. As the rate of telomere attrition, as well as the primary driving forces, is likely to vary markedly between growth and adulthood (e.g. [25] ), we used adult (second calendar year or older) RTL measures for this analysis. We used the within-subject centring approach to separate between-subject and within-subject effects of age [52] . For this, we used only known-age individuals (range ¼ 1-7 years; n tot ¼ 155 samples (from 106 inviduals); n urban ¼ 55, n rural ¼ 51 individuals). To differentiate cross-sectional and longitudinal patterns, age was split into two variables: the mean age of individuals (between-subject effects) and the difference between age at sampling and mean individual age (within-subject effects) as fixed factors. The initial model also included habitat and sex, as well as their interactions with both age variables as fixed effects. To account for inter-annual variability, year was included as a fixed effect. Owing to the repeated measures from some individuals, individual identity was included as a random effect as well as a qPCR plate. RTL was log-transformed to improve normality.
Fixed effects in GLMMs and LMMs were fitted with maximumlikelihood and simplified to obtain a final model following a backward elimination approach, using likelihood ratio tests (LRTs). Final models were achieved by omitting the terms with the lowest marginal x 2 -statistic from the initial model until only significant terms remained ( p , 0.05). Main effects underlaying a retained interaction were also retained. Variance structures of random effects were estimated using restricted maximumlikelihood. In GLMMs, we assessed the significance of each fixed effect using LRTs. For LMMs, denominator degrees of freedom for fixed effects were calculated using the Satterthwaite approximation. 
Results

Discussion
Our study provides, to the best of our knowledge, the first evidence of differential selective disappearance, in relation to TL, Table 1 . Summary of GLMMs investigating the association between survival, RTL and habitat (urban/rural) in great tits. (Parameter estimates and associated statistics are given for fixed effects retained in minimum adequate models and for terms rejected during backward stepwise regression. qPCR plate (models a and b) and nest of origin (a only) were included as random effects. rspb.royalsocietypublishing.org Proc. R. Soc. B 284: 20171349 between two contrasting environments. We have demonstrated that early-life TL is a strong predictor of post-fledging survival and recruitment in both urban and rural habitats but, crucially, the results show that selective disappearance of individuals with short telomeres is more pronounced in the urban habitat. The consequence of this is that, among adult birds, the urban population consists of great tits with, on average, longer telomeres than rural individuals. A crossfostering experiment, in our populations, previously showed that great tit nestlings raised in the urban environment have shorter TL, compared with chicks raised in the rural habitat, independent of genetic origin [23] . This confirms the expectation that urban environments present stressful conditions for developing birds. Despite fledging with, on average, shorter telomeres, the present study demonstrates that urban recruits have significantly longer TL than rural recruits and that this is likely to be driven by stronger selective disappearance of individuals with short telomeres in the urban environment. While it is well understood that exposure to stressors in early life can have profound effects on longevity and performance [53] , few studies have examined the links between early-life TL and survival and lifespan in birds in the wild (e.g. lifespan: [54] and fledging survival: [55] ). This study provides compelling evidence for the potential of Table 2 . Summary of LMMs investigating variation in RTL in urban and rural great tits during (a) the first year of life (15 d to 1 year) and (b) adulthood (age range: 1 -7 years). (In (b), we used both cross-sectional and longitudinal RTL data to distinguish between within-and between-individual changes in RTL with age. Parameter estimates and associated statistics are given for fixed effects retained in minimum adequate models and for terms rejected during backward stepwise regression. Models included qPCR plate (models a and b), nest of origin (a only) and individual identity (b only) as random effects. Despite the expectation that the current urban environment poses less favourable conditions [11, 37, 56] , we did not find any difference in the rate of telomere attrition among the survivors, neither during the first year of life-from fledging to second calendar year-nor during later life between the urban and rural habitats. Nonetheless, the fact that TL in our study is strongly related to survival suggests that individuals experiencing accelerated telomere attrition have disappeared from the populations during their first year [28] . Our results not only show that early TL is a strong predictor of early-life survival, but that TL is also positively associated with survival in later life. However, the relationship between TL and survival following recruitment does not differ between the urban and rural environments, as it does in early life. This could, in part, be explained by the elimination of poor quality individuals owing to selective disappearance of those with short telomeres early in life. It is also possible that the urban environment may not present the same level of stress to adult birds, as it does to young inexperienced birds. However, the two mechanisms are not necessarily mutually exclusive.
Longitudinal sampling is essential to investigate withinindividual telomere dynamics, because cross-sectional data can easily be confounded by selective disappearance and cohort effects. Indeed, we have demonstrated strong evidence for selective disappearance in our great tit populations. Although many longitudinal studies have revealed withinindividual declines in TL with advancing age (e.g. [25, 57] ), this study demonstrates no age-dependent change in TL. Previous studies have shown a similar lack of relationship between TL and age in longitudinal analysis, suggesting that telomeres can be well maintained through life in some species [58, 59] . However, these studies were carried out in long-lived organisms in which telomerase activity has been shown to be maintained in adult somatic cells (e.g. [59, 60] ). The role of telomerase in maintaining TL is still very poorly studied in non-human organisms. It is also important to note that the technique employed to measure TL does not distinguish between different telomere classes [61] and a higher presence of ultra-long telomeres (Class III) may obscure the relationship between TL and age in our dataset. Nonetheless, more research is needed in order to understand the role of the different telomere classes with age.
In nature, stressors rarely act in isolation, and it is likely that the observed accelerated telomere shortening early in life [23] and lower survival probability for a given TL (demonstrated in this study) in the urban habitat are the result of exposure to multiple stressors [62] . Crucially, this study demonstrates that exposure to urban stressors is more critical in early life, with no evident effects on TL or dynamics in adulthood. Recent studies have shown that great tit nestlings reared in urban habitats have a lower constitutive immunity response [36] and also shorter TL than those reared in rural ones [23] . Both results suggest that urban nestlings might been constrained by resource limitation during development as nutritional status plays an important role in immune response [63] and TL maintenance [64] . Indeed, previous research indicates that nutrition for developing chicks may differ between urban and rural habitats, e.g. differences have been found in the relative proportion of v-3 and v-6 polyunsaturated fatty acids in egg yolks [56] and the concentration of dietary antioxidants such as carotenoids in caterpillars [65] .
It is well understood that early-life conditions can have marked effects on phenotypic development and later-life performance, such as survival and reproductive success [53] . However, we do not find any differences in survival per se between urban and rural habitats, as other authors have reported [30] . While adult individuals are presumably still exposed to the same stressors, the results suggest that they are better able to cope with them and/or they are buffered in some way to the effects. For example, feeding birds in urban areas is a common practice (e.g. [66 -68] ) and may increase adult winter survival (reviewed in [69] ). This bottom-up control could be an explanation for the absence of differences in how TL links to adult survival between our urban and rural populations. The suggestion that the urban environment may, in fact, be relatively benign for adult birds is perhaps in contrast to many studies reporting phenotypic effects associated with living in an urban environment [5, 70, 71] . However, relatively few studies have linked such phenotypic changes with fitness parameters.
Urban habitats impose both challenges and opportunities for wild organisms. The present study demonstrates clear effects of the urban environment on telomere dynamics and survival in early life, but not adult life. This indicates adverse consequences of exposure to urban-related stressors during early life, while suggesting that individuals are more resilient in later life and/or the benefits of the urban environment outweigh the costs. Nonetheless, long-term studies are still needed to corroborate if the effect is sensitive to environmental variation, e.g. cohort effects [55] , and if there are long-term effects on the population structure. Furthermore, we should be cautious to generalize the observed pattern, as the consequences of urbanization, even though it is a global phenomenon, can depend on regional characteristics [2] . Further research is also needed to understand the physiological mechanism(s) underlying the observed differences in telomere dynamics, and particularly the relative role of individual urban stressors (e.g. air, light at night or noise pollution). 
